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Available online xxxxA total of 17 species of the order Pleuronectiformes were caught in standardized groundﬁsh surveys in the
Cantabrian Sea and Galician waters between 2002 and 2011. The abundance and distribution of the dominant
ﬂatﬁsh species were analysed, as well as drivers that affected the distribution. The results of a hierarchical clas-
siﬁcation analysis indicated three primary assemblages: (1) an inner shelf group (~50–100 m), characterized
by Pegusa lascaris, Buglossidium luteum and Solea solea; (2) a medium and outer shelf group (~125–250 m), rep-
resented by Arnoglossus laterna, A. imperialis,Microchirus variegatus, Lepidorhombus whifﬁagonis and L. boscii; and
(3) a shelf break and upper slope group (~325–450m), formed by Bathysolea profundicola. MANOVA analyses in-
dicated that depth was the primary structuring factor, although sediment size and geographical position were
also important. A bathymetric segregation patternwas drawn and indicated species replacementwith increasing
depth irrespective of size.Most of the species appeared to be associatedwithﬁne sand, except A. imperialis, which
showedmore associationwith coarse sand. Themost abundant species were L. boscii,M. variegatus and A. laterna,
which also had the widest and most ubiquitous distribution. They had a clear distribution farther west, whereas
the rest seemed to be a more eastern group, and L. whifﬁagonis, B. profundicola and A. imperialiswere present at
more northern latitudes. A. laternawas themost abundant species in the Galician shelf. In general,ﬂatﬁsh species
in the northern Spanish shelf go through a slight ontogenetic niche shift primarily as a function of depth and sed-
iment size. Smaller individuals tend to occur in shallower waters than their larger counterparts, except for A.
laterna,M. variegatus and L. boscii, which have the opposite behaviour. Most ﬂatﬁsh show an afﬁnity for a larger
sand grain size with growth.






The order Pleuronectiformes plays an important ecological role as an
intermediary in the energy transfer between benthic production and
demersal communities, as well as for human consumption, due to the
commercial value of some species in the group. Traditionally,
Lepidorhombus spp. and S. solea have been commercially exploited in
the area, primarily by the bottom trawl ﬂeet (Punzón et al., 2010).
Furthermore, the benthos-feeding Pleuronectiformes are related to
the quality of the bottom, so they could be used as indicators of the bot-
tom quality and possible anthropogenic impacts. Because their way of
life is closely linked to the bottom where they dwell, it is expected
that their distribution would be determined by environmental charac-
teristics. Previous studies have described the distribution of somedez-Zapico),
(A. Serrano),
uiz-Pico),
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i.org/10.1016/j.seares.2017.0ﬂatﬁsh species, especially those with a high economic impact such as
both species of the genus Lepidorhombus (e.g., Sánchez et al., 1998;
Vassilopoulou, 2000; Sánchez et al., 2001; Gerritsen et al., 2010). Several
studies have highlighted the importance of environmental drivers in the
distribution of some communities (e.g., Day and Pearcy, 1968; Vetter et
al., 1994; Sullivan et al., 2000; Serrano et al., 2008). The burial behaviour
of ﬂatﬁsh in the sediment where they dwell suggests the signiﬁcance of
sediment characteristics on their distribution. However, little is known
about the distribution of the order Pleuronectiformes in the area in
terms of ontogeny, and studies regarding the role that environmental
factors play in their spatial distribution patterns are lacking.
Settlement is an important factor for investigating changes in ﬂatﬁsh
distribution, given that the onset of the juvenile stage coincides with
settlement and the completion of metamorphosis for most species
(Gibson et al., 2014). Many ﬂatﬁsh species settle in speciﬁc nursery
areas and show ontogenetic shifts in their distribution (Gibson et al.,
2002). Sánchez et al. (1998) have highlighted the importance of recruit-
ment strength in the abundance of Lepidorhombus spp. (L. boscii and L.
whifﬁagonis), and recruitment variability primarily occurs in the pelagic
stage (Van der Veer et al., 2000).ers of the distribution of the order Pleuronectiformes in the Northern
2.013
2 O. Fernández-Zapico et al. / Journal of Sea Research xxx (2017) xxx–xxxOn the other hand, the orography and hydrographic conditions in
the area have a signiﬁcant role in the settlement of juveniles (Gibson
et al., 2002), and the larval stage of ﬂatﬁsh, as pelagic dweller, is closely
linked to hydrography.
This study analyses the population of the most representative spe-
cies in the order Pleuronectiformes of the Northern Spanish shelf, with
the goal of (i) describing their distribution in the area; (ii) establishing
the leading factors that drive their distribution and, as a further goal,
(iii) observing the ontogeny of that distribution.2. Materials and methods
2.1. Study area
The northern Spanish shelf consists of two well-deﬁned sedimento-
logical and hydrographic areas, the Galician waters and the Cantabrian
Sea (southern Bay of Biscay) (Fig. 1). Both are split into two different
areas with different characteristics:
i) The Galician shelf is characterized by high productivity as a result
of nutrient enrichment associated with strong seasonal upwelling, de-
rived from the special hydrodynamic conditions that occur in this
zone (Tenore et al., 1995; Gil, 2008). The water mass occupying the
sampling area, between 60 and 500 m, is the North Atlantic Central
Water (ACNA). The Finisterre Cape acts as a natural boundary of the Ga-
lician waters, and the area south of the Cape is characterized by the
presence ofmuddybottoms on the inner shelf (because of the strong es-
tuarine outwelling) and sandy bottoms on the middle and outer shelf.
North of the Cape, a sandy bottom characterizes the area (Rey and
Medialdea, 1989; López-Jamar et al., 1992).
ii) The Cantabrian Sea is an area with special oceanographic charac-
teristics that differs from the rest of the Atlantic Ocean. Water masses
inside the gulf are equivalent to those of the ACNA, but they are modi-
ﬁed closer to the superﬁcial area as a result of vertical mixing that pro-
duces winter cooling and the consequent sinking of the mixed layer.
This is of great biological importance because the deeper the mixed
layer, the higher the concentration of nutrient salts is (Fraga, 1990;
Sverdrup et al., 1942). The Peñas Cape is a natural border of the
Cantabrian shelf, with a more productive area to the west that is wide
and sandy and associated with the Atlantic Ocean and an Eastern area
that is less productive, narrow and muddy and similar to the inner
part of the Bay of Biscay. Muddy sediments are located on the edge of
the shelf and slope, as well as on the easternmost part of the shelf inFig. 1. Study area limited by the rivers Miño and Bidasoa, showing the different secto
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Medialdea, 1989; López-Jamar et al., 1992).
2.2. Data source
Data came from a random stratiﬁed sampling to the area of the
Cantabrian and Galician continental shelf (NW Spain, NE Atlantic
Ocean) that was carried out by the Instituto Español de Oceanografía
(IEO) via bottom trawl surveys (named Demersales). This series of sur-
veys has been conducted every autumn from 1983 until the present, ex-
cept for 1987; the surveys followed a standardized methodology (ICES,
2010) and aimed to monitor exploited ﬁshery resources and to study
the ecosystems in the shelf area. The study area included the Cantabrian
and Galician continental shelves and the slope between 70 and 500 m
depth (Fig. 1).
The sampling strategy was randomly stratiﬁed in the area, and a
sample unit was based on a half an hour haul in daytime, using a 44/
60 otter trawl gear with a 20 mm mesh cod-end liner. Sampling was
conducted to estimate species abundance and distribution, in terms of
ﬁfteen strata that resulted from a combination of three limits of depth
strata (70–120 m, 121–200 m and 201–500 m) and ﬁve geographic
sectors (Fig. 1), deﬁned as the Miño River-Cape Finisterre (MF); the
Finisterre Cape-Estaca de Bares Cape (FE); the Estaca de Bares
Cape-Peñas Cape (EP); the Peñas Cape-Ajo Cape (PA); and the Ajo
Cape-Bidasoa River (AB).
Hauls were allocated to the ﬁfteen strata in proportion to surface
area. Additional hauls were conducted on a larger extended depth
range, shallower than 70 m and deeper than 500 m to acquire data
from these regions in which trawlable areas are scarce.
A total of 1290 hauls were performed on board the R/V Cornide de
Saavedra from surveys carried out each autumn between 2002 and
2011. The behaviour of the ﬁshing gearwasmonitored via the PescaWin
software, which logged the data gathered from the GPS system, the ves-
sel echo sounder and the SCANMAR net monitoring system. Net moni-
toring system provided data on vertical opening, distance between
doors and depth of the gear; using the average trail per haul the average
area swept per haul was 49843.1 m2. The hydrography was sampled
using a CTD Seabird 25 after each haul, and additional CTD casts were
performed in some transects perpendicular to the coast in an attempt
to obtain uniform and representative coverage on a spatio-temporal
scale, although this sampling was not performed every year.
Sediment samples were collected with a collector attached to the
ground rope, and particle size distribution and organic matter contentrs in which it was divided for sampling, as well as the bathymetry of the strata.
ers of the distribution of the order Pleuronectiformes in the Northern
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by combining the techniques of dry sieving and sedimentation
(Buchanan, 1984). The organic matter content was estimated as the
weight loss of a dried sample (100 °C, 24 h) after combustion (500 °C,
24 h). The primary sedimentary characteristics were obtained: organic
matter percentage, median particle diameter (Q50, μm) and the sorting
coefﬁcient (So) (Trask, 1950), which represents the sediment heteroge-
neity, the higher sorting coefﬁcient the higher the heterogeneity. The
range of the sorting coefﬁcient is between 1.35 and 2.75. Samples
were classiﬁed into six sedimentary types according to relative abun-
dance of the particle size classes of mud (b62 μm), very ﬁne sand
(62–125 μm), ﬁne sand (125–250 μm), middle sand (250–500 μm),
coarse sand (500–1000 μm) and very coarse sand (N1000 μm).
2.3. Data analysis
The data analysis was limited to 2002 to 2011 in order to prevent
possible variations in the time series as a result of the change of vessel
in 2013 and the calibration operations in the previous year.
A total of 17 species belonging to the order Pleuronectiformes were
caught in the survey during the study period (Table 1). Only nine spe-
cies ((a) in the table) were taken into account for the analyses, the
other eight were excluded to reduce the occurrence of zeros in the
matrices due to their low abundance.
For the analyses, each species was divided into length categories to
explore possible ontogenetic shifts in their relationships with the ex-
planatory variables. The criteria used to establish the size groups were
the biological criteria of maturity and growth (Anon., 1993; Landa et
al., 1996; Pereda et al., 1998; Landa et al., 2002; Froese and Pauly,
2015; Landa and Fontenla, 2016) for the species in the study area for
which such data were available - L. boscii, L. whifﬁagonis and S. solea.
The length of the ﬁrst maturity (L50) for both sexes combined was
used to divide the ﬁrst and second length groups, as well as age criteria.
The L50 value in the study area was 19 cm for L. whifﬁagonis and 17 cm
for L. boscii (Pereda et al., 1998). The L50 value for S. solea (26.5 cm)was
only available from a nearby area (Div VIIIab) (Anon., 1993). Thus, the
ﬁrst size group corresponded to theoretically immature individuals, in-
cluding 0 and 1 age groups in both Lepidorhombus spp. and ages 0 to 2 in
S. solea. The second and third size groups primarily corresponded toma-
ture individuals, including ages 2–4 for both Lepidorhombus spp. and 3–
5 for S. solea in themedium group (“m”), and those older than 4 and 5 in
the large group (“l”). Biological data were not available for the other
species in the study area, and they were split into only two size groups
(small and large). The length used to delineate the groups was theTable 1
Mean stratiﬁed abundance (number and weight (kg) per hour trawling) for the species
belonging to the Pleuronectiformes order caught in the survey along the time series
analysed.
Species name Number Weight
Lepidorhombus boscii (four-spot megrim)a 95,696 6,168
Microchirus variegatus (thickback sole)a 83,216 2,240
Arnoglossus laterna (Mediterranean scaldﬁsh)a 78,046 0,786
Lepidorhombus whifﬁagonis (megrim)a 17,378 2,162
Arnoglossus imperialis (imperial scaldﬁsh)a 16,608 0,288
Solea solea (common sole)a 0,714 0,356
Buglossidium luteum (solenette)a 0,354 0,004
Bathysolea profundicola (deepwater sole)a 0,314 0,020
Pegusa lascaris (sand sole)a 0,062 0,012
Arnoglossus thori (Thor's scaldﬁsh) 0,020 0,000
Zeugopterus regius (Eckström's topknot) 0,008 0,000
Citharus linguatula (spotted ﬂounder) 0,006 0,000
Glyptocephalus cynoglossus (witch ﬂounder) 0,006 0,000
Phrynorhombus norvegicus (Norwegian topknot) 0,002 0,000
Scophthalmus maximus (turbot) 0,002 0,002
Scophthalmus rhombus (brill) 0,002 0,004
Symphurus nigrescens (tongue sole) 0,002 0,000
a The most abundant species, considered in the statistical analyses.
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the time-series. Therefore, size groups were established as shown in
Table 2.
The data matrices (species vs. explanatory variables) were analysed
with multivariate techniques. Prior to calculation, the data were stan-
dardized via a log-transformation to achieve a normal and homoscedas-
tic distribution (McDonald, 2014).
A hierarchical classiﬁcation (i.e., a cluster analysis)was performed to
reveal the associations among species and size groups, using a similarity
matrix with a Bray-Curtis dissimilarity as the distance index and the
method of complete linkage agglomeration for clustering purposes.
The species were classiﬁed using a dendrogram from the similarity
matrix.
A MANOVA analysis was used to estimate the amount of variability
explained by each variable to determinewhich variablesweremore sig-
niﬁcant in species composition per haul. The explanatory variables used
in the analyses were depth (m), the median particle diameter-Q50
(μm), latitude and longitude, the organic matter content (%) and the
sorting coefﬁcient (So).
Canonical Correspondence Analysis (CCA) (Ter Braak, 1986, 1987,
1988; Ter Braak and Verdonschot, 1995) was used to obtain an ordered
structure of the species matrix, maximizing its relationship with the
predictor variable matrix (i.e., the environmental variables and the spa-
tial parameters) and identifying the role of the environmental variables
on species composition. Prior to the CCA, a Detrended Correspondence
Analysis (DCA) (Hill and Gauch, 1980) was conducted to choose
which ordination technique to use. As a result of this analysis, the gradi-
ent length of the ordering axes was obtained (Ter Braak and Prentice,
1988), which was a more appropriate linear response model (Redun-
dancy Analysis (RDA)) for the short segments of the gradients. The
DCA result gave the relationship between the predictive variables (i.e.,
the environmental variables) and the response variables (i.e., species)
as 4.4, a value that indicate that a unimodal response model (CCA)
should be used.
The CCA results were plotted on a bi-dimensional ordination dia-
gram generated by bi-plot scaling that focused on inter-species dis-
tances, in which species were represented by points and explanatory
variables by vectors with a length proportional to their importance
(Ter Braak, 1986). The statistical signiﬁcance of all of the combined ca-
nonical axes was assessed via a permutation test under the reduced
model, with the mock anova function in the vegan library (Oksanen,
2012; Cayuela et al., 2006; Zuur et al., 2007). In addition, a partial CCA
with selected explanatory variables as covariables was performed toTable 2
Size ranges in which species were divided and names given in the analyses.
Species Size range (cm) Name in the analysis
A. imperialis 6–12 AI_s
13–20 AI_l
A. laterna 2–10 AL_s
11–18 AL_l
B. profundicola 10–17 BP_s
18–23 BP_l
B. luteum 7–11 BL_s
12–15 BL_l
L. boscii 3–17 LB_s
18–25 LB_m
26–44 LB_l
L. whifﬁagonis 5–20 LW_s
21–29 LW_m
30–53 LW_l
M. variegatus 4–12 MV_s
13–24 MV_l
P. lascaris 19–23 PL_s
24–37 PL_l
S. solea 11–27 SS_s
28–39 SS_m
40–50 SS_l
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Fig. 2. Boxplot representing the centres of gravity (Cog) for depth of each group of size
within the species for the historical series. Red diamond represents the total Cog. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)
Fig. 3. CCA biplot of explanatory variables versus species and sizes on the full model.
4 O. Fernández-Zapico et al. / Journal of Sea Research xxx (2017) xxx–xxxtest the robustness of the fraction of the drivers that explained the spe-
cies composition patterns. To set the trend in the species abundance dis-
tribution depending on the explanatory variables, the centre of gravity
(CoG) for each size group within the species with respect to depth,
median particle diameter (Q50) and geographic position (latitude








where xi is the calculated abundance of the species in haul i, and zi is
the mean value of the appropriate explanatory variable (Stefanescu
et al., 1992). All of the statistics were performed with the R software
(Core Team, 2015).
3. Results
The average value for the 10 surveys indicates that ﬂatﬁsh species
comprised approximately 4% in number and 5% in biomass of the total
ﬁsh catches. The most abundant species within the order
Pleuronectiformes in the study area were Lepidorhombus boscii
(32.7%), Microchirus variegatus (28.4%), Arnoglossus laterna (26.7%),
Lepidorhombus whifﬁagonis (5.9%) and A. imperialis (5.7%), a total of
99.5% of the Pleuronectiformes species. The other species were scarcer,
adding only 0.5% to the order in the study area: S. solea (0.3%), B. luteum
(0.1%), B. profundicola (0.1%) and P. lascaris (0.02%).
3.1. Flatﬁsh group description
Using a combination of depth and sediment type as key factors to
structure the communities and adding a geographic position factor,
the environmental preferences of the primary species of the order
Pleuronectiformes in terms of their abundance in the study area were
as follows.
The surveys indicated that P. lascaris andB. luteumwere scarce, occu-
pying the shallowest bottoms in the distribution (~50–100 m) (Fig. 2);
they also dwelled on the inner shelf andwere associated with relatively
heterogeneous sediments enriched in organic matter (Fig. 3). Both spe-
cies dwelled in areas of ﬁne sand, though P. lascaris showed a preference
for slightly thicker sands (N150 μm) than B. luteum (approximately 150
μm), and the larger P. lascariswas found to be associatedwith sand larg-
er than 200 μm (Fig. 4). Both species were located in speciﬁc areas asso-
ciatedwith the rivermouths andwere distributed in the Cantabrian Sea
and Galicianwaters, although they only occurred north of the Finisterre
Cape (Fig. 5).
S. solea occupied the bottombetween ~50 and 100mdepth, dwelled
on the inner shelf (Fig. 2), and was associated with relatively heteroge-
neous sediment enriched in organic matter (Fig. 3). S. soleawas distrib-
uted along the Galician and Cantabrian Sea, primarily located in areas in
the Galician Rias and estuaries in the Cantabrian Sea (Fig. 5).
A. laterna appeared associated with the ﬁnest and most heteroge-
neous sediments of all species studied (Fig. 3; Fig. 4). It was present at
low latitudes on the inner and midshelf (~125–175 m) (Fig. 2) and
was distributed along the Galician waters and the Cantabrian sea, but
primarily in important areas of the Galician Rias. It also had higher
abundance in speciﬁc areas, such as the North Finisterre Cape, the
Eastern Peñas Cape and the Western Bidasoa River (Fig. 5).
A. imperialiswas particularly affected by the sediment size and was
associated with medium and coarse sand (approximately 400–600
μm) (Fig. 4), the thickest sediment for the species studied. It waspresent
on the midshelf (~125–175 m) (Fig. 2) in the Cantabrian Sea, located
primarily near the Peñas Cape, the central Cantabrian Sea, and also
near the Estaca de Bares Cape in the Galician waters (Fig. 5).
M. variegatuswas associatedwith ﬁne sand on themidshelf, primar-
ily at 125–175m (Fig. 2; Fig. 4), and it is the speciesmost affected by the
organic matter content (Fig. 3). This species was distributed along thePlease cite this article as: Fernández-Zapico, O., et al., Environmental drivers of the distribution of the order Pleuronectiformes in the Northern
Spanish Shelf, J. Sea Res. (2017), http://dx.doi.org/10.1016/j.seares.2017.02.013
Fig. 4. Boxplot representing the centres of gravity (Cog) for the median particle diameter
of each group of size within the species for the historical series. Red diamond represents
the total Cog. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
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inﬂuenced by the Galician Rias and eastern Peñas Cape (Fig. 5).
M. variegatus occupied a very similar depth niche as the two
Arnoglossus species; however A. imperialiswas separated from the other
two by the different sizes of sediment with which it was associated.
L. whifﬁagonis was primarily distributed in the Cantabrian Sea (Fig.
5), associated with ﬁne-medium sandy sediment (~150–250 μm) (Fig.
4) that was fairly homogeneous and poor in organic matter (Fig. 3) on
the middle-outer shelf (~150–250 m) (Fig. 2).
L. boscii was the most abundant species in the order
Pleuronectiformes in the area and was distributed in both the Galician
waters and the Cantabrian Sea (Fig. 5). It preferred ﬁne sandy sediment
(approximately 150 μm) (Fig. 4) poor in organic matter and homoge-
neous (Fig. 3) on the middle-outer shelf (~150–250 m) (Fig. 2). Both
of the Lepidorhombus species were delineated by the sediment size
and geographic distribution.
B. profundicola was scarce in the surveys, located in speciﬁc upper
slope depths (~325–450 m) (Fig. 2) in the Galician waters and also in
the Cantabrian Sea surrounding areas with submarine canyons (Fig.
5). It was present on bottoms characterized by homogeneous and ﬁne
sandy sediment (approximately 175 μm) with low organic matter
content (Fig. 3; Fig. 4).
3.2. Flatﬁsh distribution according to the most important explanatory
variables
The MANOVA semi-parametric test (Table 3) revealed that all of the
variables analysed (i.e., depth, median particle diameter-Q50,Please cite this article as: Fernández-Zapico, O., et al., Environmental driv
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sorting coefﬁcient and temperature)were signiﬁcant except for salinity,
which was excluded from the analysis. Preliminary analyses of the CCA
showed a collinear response of species distribution with temperature
and depth. Since the MANOVA indicated that the signiﬁcance of depth
for species composition is much higher than for temperature in our
model, temperature was excluded from subsequent analyses to avoid
linear combinations between variables. The ﬁrst four variables included
in the analysis (i.e., depth, median particle diameter-Q50, geographic
latitude and geographic longitude) explained most of the variance in
the model. In addition, the most signiﬁcant explanatory variables
interacted with each other to some extent (Table 3).
In the CCA, weighted multiple regression is used to represent the
axes as a linear combination of the explanatory variables. The statistical
signiﬁcance of all of the combined canonical axes was assessed (p =
0.001). The variance of the species composition explained by the select-
ed explanatory variables was 25%.Most of this variabilitywas explained
by the ﬁrst two axes (21.4%).
The CCA full model outcomes showed the CCA2 axiswas strongly as-
sociated with depth (Fig. 3), explaining much of the variance in species
composition (9.8%), whereas the CCA1 axis appeared to be primarily
correlated with sediment size and geographic longitude and explained
the most of the variance (11.6%). Latitude and sorting coefﬁcient con-
tribute similarly to both axes, in opposite directions, as well as the or-
ganic matter content.
A primary distribution was established near the vertical axis, show-
ing species replacement with increasing depth, and turning some spe-
cies away from the axis towards a greater or lesser geographic
longitude and sediment size (horizontal axis). In general, species com-
position was distributed by the different explanatory factors irrespec-
tive of size, with only small changes between size groups.
Three groups of species could be distinguished by the cluster analy-
sis (Fig. 6) and the CCA-plot_full model (Fig. 3). A ﬁrst classiﬁcationwas
clearly evident as a function of depth, with B. profundicola separated
from the other species because it was associated with greater depths,
whereas the coastal species (B. luteum, P. lascaris and S. solea) fell into
a different group in the dendrogram (Fig. 6), opposite in the same axis
in the biplot (Fig. 3). A third group with species from the medium and
outer shelf (A. laterna, A. imperialis, L. boscii, L. whifﬁagonis and M.
variegatus) was deﬁned. A. imperialis is separated from the others in
Fig. 3 because it was associated with larger-sized sediment towards
the Cantabric area (Fig. 4; Fig. 7), whereas A. laterna, the genus
Lepidorhombus and M. variegatus seemed to be more ubiquitous and
fell near the centre of the plot (Fig. 3).
3.2.1. Depth
The different analyses indicate that the ﬂatﬁsh species distribution is
depth-dependent in this area, in order from shallower to deeper water:
P. lascaris, B. luteum, S. solea (~50–100 m), A. laterna, M. variegatus, A.
imperialis (~125–175 m), L. whifﬁagonis, L. boscii (~150–250 m) and B.
profundicola (~325–450 m) (Figs. 2 and 3). The species seemed to
show a slight shift in depth with growth. However, the pattern was
not the same for all the species; most were distributed in shallower
water as juveniles and shifted afterwards to deeper water as adults (S.
solea, B. luteum, P. lascaris, A. imperialis, L. whifﬁagonis and B.
profundicola); others showed the opposite behaviour, moving to
shallower water as they grow (A. laterna, M. variegatus and L. boscii)
(Fig. 2).
3.2.2. Median particle diameter (Q50)
A plot of the CoG distribution versus sediment size (Fig. 4) shows
that most species were associated with a median particle diameter-
Q50 of ﬁne sand, showing an afﬁnity for a greatermedian particle diam-
eter in the order of A. laterna, S. solea, B. luteum,M. variegatus, L. boscii, P.
lascaris, B. profundicola, and L. whifﬁagonis.Only A. imperialiswas associ-
ated with coarse sand. In general, they were associated with ﬁnerers of the distribution of the order Pleuronectiformes in the Northern
2.013
Fig. 5. Geographic distribution for the different ﬂatﬁsh species and sizes under study in the central year of the historical series analysed.
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7O. Fernández-Zapico et al. / Journal of Sea Research xxx (2017) xxx–xxxsediments as juveniles and coarser sediments as adults, except for A.
imperialis, L. whifﬁagonis and L. boscii, which showed a trend opposite
from the general trend.
3.2.3. Geographic position (i.e., latitude and longitude)
The centres of gravity (CoG) for the geographic position (i.e., latitude
and longitude)were plotted (Fig. 7) for the various species separated by
size, and their distribution weighted by their abundance could be
observed.
Depth had outstandingweight in the species distribution, as indicat-
ed by the CCA_full model, so setting depth as a covariable (Fig. 8a) re-
vealed other relationships: the longitude-latitude and median particle
diameter-Q50 axis were separated, and the species were distributedTable 3
Semiparametricmanova. The sums of squares (SumsOf Squs) tell us howmuch variability
is explained by each of the variables and the residual variability (not explained by the
model).
Df Sums Of Sqs Mean Sqs F. model R2 PR (NF)
Depth 1 23,005 23,005 108,600 0,0858 0.001***
Q50 1 14,959 14,959 70,617 0,0558 0.001***
Longitude 1 7,432 7,432 35,083 0,0277 0.001***
Latitude 1 4,473 4,473 21,116 0,0167 0.001***
Temperature 1 2,132 2,132 10,064 0,0080 0.001***
Organic matter 1 1,316 1,316 6,212 0,0049 0.001***
So 1 1,219 1,219 5,493 0,0046 0.001***
Salinity 1 0,396 0,396 1,870 0,0014 0.043*
Depth: Q50 1 1,983 1,983 9,359 0,0074 0.001***
Longitude: Q50 1 1,076 1,076 5,082 0,00402 0.001***
Latitude: Q50 1 2,002 2,002 9,451 0,00747 0.001***
Longitude: depth 1 2,804 2,804 13,238 0,01046 0.001***
Latitude: depth 1 2,945 2,945 13,903 0,01099 0.001***
Residuals 955 202,304 0,212 0,755
Total 968 268,048 1
Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘’ 1.
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gated by geographic position. Since the study area has a depth and sed-
iment size gradient and since these variables are correlated with the
geographic position (Table 3), it is difﬁcult to isolate the latitude and
longitude variables by an analysis of species distribution. However,Fig. 6. Dendrogram showing the clustering of species and sizes, using the Bray-Curtis
similarity index (legend of the species in Table 3).
ers of the distribution of the order Pleuronectiformes in the Northern
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Fig. 7. Centres of gravity (Cog) of the geographic position for each species and size group. The size of each symbol represents the size group of the species, being “small”, “medium” and
“large” for the species divided in 3 groups of size (L. boscii, L. whifﬁagonis and S. solea) and “small” and “large” for the rest of the species, divided in 2 groups of size. Each symbol represents a
species: ■ L. boscii● L. whifﬁagonis▲ S. solea ◊ A. laterna × M. variegatus+ B. luteum ∇B. profundicola A. imperialis P. lascaris.
Fig. 8. CCA biplot of explanatory variables versus species and sizes on the model with the most signiﬁcant variables as covariables.
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9O. Fernández-Zapico et al. / Journal of Sea Research xxx (2017) xxx–xxxFigs. 7 and8a indicate thatM. variegatus, A. laterna and L. boscii are clear-
ly distributed farther west and that L. whifﬁagonis, B. profundicola, A.
imperialis, P. lascaris, B. luteum and S. solea seem to compose an eastern-
most group, in which L. whifﬁagonis, B. profundicola and A. imperialis
reach more northern latitudes. Moreover, A. laterna is the most
abundant species in the Galician shelf.
A. imperialis remained strongly associated with the median particle
diameter-Q50 axiswhen putting depth as a covariate (Fig. 8a). It follows
that this species had an afﬁnity for coarser sediment than the other spe-
cies, which reinforced the results of the centre of gravity (CoG) (Fig. 4)
analysis for sediment size. The coastal species (B. luteum, P. lascaris and
S. solea) remained grouped and were related to the longitude and
moved away from the median particle diameter-Q50 axis, suggesting
an afﬁnity for a ﬁner substrate (except for larger P. lascaris, which pre-
ferred thicker sediment than smaller members of the species) than L.
whifﬁagonis and B. profundicola. In general, it seems thatwithin a species
exists a trend that larger individuals are located in areas further east
than smaller, younger individuals, except for B. luteum and P. lascaris.
When the median particle diameter-Q50 was used as a covariate in
the CCA (Fig. 8b), the species were separated by depth, showing a sim-
ilar structure to that obtained with the full-model (Fig. 3). However,
some differences were observed for two species: L. whifﬁagonis shifted
to higher latitudes than the other species, and A. imperialis, which was
strongly affected by the median particle diameter-Q50 axis in the full
model, was now placed more towards the centre of the ﬁgure and was
not particularly affected by any variable other than depth.
4. Discussion
This study conﬁrmed the importance of the explanatory variables
analysed for the ﬂatﬁsh species distribution in terms of abundance
throughout the study area, as well as showing the magnitude of each
driver on species distribution. Furthermore, it also described the distri-
bution of both species and size groups within species depending on the
prevailing factors. An evaluation of the effects of these factors provides
insight into the ecology of the order Pleuronectiformes in the area.
As conﬁrmed by the model outputs, depth was the most determi-
nant driver that structured the distribution of Pleuronectiformes in the
study area. A bathymetric segregation pattern was detected in the spe-
cies distribution, with species replacement with increasing depth irre-
spective of size, and a certain degree of overlap among some species.
These results agree with the results of Sánchez (1993) and Sánchez
and Serrano (2003) that were focused on communities on the
Cantabrian shelf and also with Serrano et al. (2008) for the Galician
shelf.
Survey data from the Celtic Sea, the North Sea and the Baltic Sea
show a similar depth distribution for most species (Heessen et al.,
2015). This segregation behaviour has been suggested to be combined
with diet composition for resource partitioning (Macpherson, 1981;
Piet et al., 1998) and also as a strategy to avoid inter-speciﬁc competi-
tion (Sánchez, 1993). Furthermore, diet composition is in turn affected
by other factors such as the sediment in which the ﬁsh feed (Piet et
al., 1998; Florin et al., 2009). In a speciﬁc study about distribution of
Lepidorhombus spp. on the northern Spanish shelf, Sánchez et al.
(1998) made a comparison of the sediment depth distribution in the
Cantabrian Sea and the Mediterranean Sea for explaining that the
bathymetric segregation of both Lepidorhombus species depended on
its diet, which, in turn, was related to the sediment size. Our results
for the centre of gravity for the Q50 factor agreed with that theory; L.
whifﬁagonis had higher values than L. boscii. For the centres of gravity
for depth, L. boscii was shown to go a little deeper than L. whifﬁagonis.
In addition to the bathymetric factor, the sediment particle size also
contributes to the structure of the ﬂatﬁsh distribution, bearing in mind
the results of our analysis. Sediment particle size was related to the
avoidance of predation because the ﬂatﬁsh are buried in the sediment
(Ryer et al., 2010; Gibson et al., 2014), and the relationship betweenPlease cite this article as: Fernández-Zapico, O., et al., Environmental driv
Spanish Shelf, J. Sea Res. (2017), http://dx.doi.org/10.1016/j.seares.2017.0sediment choice and the ability to bury themselves as a function of spe-
cies and size has been observed in numerous laboratory experiments
with ﬂatﬁsh, which typically show a correlation between ﬂatﬁsh distri-
bution and the presence of ﬁne sediment (Stoner and Ottmar, 2003;
Gibson et al., 2014). Our results are consistent with this, since almost
all the species under study appeared to be associated with ﬁne sand.
However, A. imperialis was closely linked to coarse sand. The presence
of suitable food is usually considered as the second primary cause of
the active selection of a particular substratum after the burial ability
(McConnaughey and Smith, 2000; Gibson et al., 2014). Thus, maybe A.
imperialis chooses coarser sediments for feeding because the sediment
properties are known to affect the distribution and abundance of
benthic prey (Rodríguez-Marín, 2005; Florin et al., 2009).
Apart from depth and sediment particle size, geographic position
also seems to affect the ﬂatﬁsh distribution in the study area, with a
group of species that showed a higher presence in the Cantabrian sea
(B. profundicola, L. whifﬁagonis, A. imperialis, S. solea, B. luteum and P.
lascaris), another group with a higher abundance in the Galician waters
(M. variegatus and A. laterna) and one species that had a wider distribu-
tion both in the Galician waters and the Cantabrian sea (L. boscii). The
latter three species are by far the most abundant, comprising 88% of
all species in the order Pleuronectiformes in the entire study area.More-
over and probably related, these species appear to be ubiquitous in the
area, according to the results of our analyses. Areas of the Galician Rias
are enriched in organic matter because of estuarine outwelling as well
as the intense mussel aquaculture practised in some of them (Van
Weering et al., 2002). López-Jamar et al. (1992) shows how some de-
mersal ﬁsh species are indirectly affected by the benthic enrichment
outwelling from the Rias Bajas, as well as other authors have highlight-
ed the importance of river inputs on the productivity of the coastal wa-
ters, which are used by ﬂatﬁsh (Salen-Picard et al., 2002; Le Pape et al.,
2013). This illustrates the importance of oceanographic processes in
regulating the benthic food chain at the land-sea interface. Some species
are associated with local areas (P. lascaris, B. luteum and S. solea),
probably because of a preference for river mouth and estuarine
areas because these species occupy shallower habitats.
Additionally, geographical position seems to differentiate species in
the same genus in the area for both Lepidorhombus and Arnoglossus. L.
whifﬁagonis and A. imperialis show a more easternmost distribution to-
wards the Cantabrian area than their counterparts L. boscii and A.
laterna. From a faunal point of view, the Finisterre Cape seems to be im-
portant as the southern distribution limit for both L. whifﬁagonis and A.
imperialis. This was corroborated for L. whifﬁagonis by the low abun-
dance indices estimated by research surveys conducted in Portuguese
continental shelf waters (Fernández et al., 1981). On the other hand,
studies on feeding of the genusArnoglossus in our study area are lacking,
but A. imperialis seems to be more ichthyophagous than A. laterna in
other areas (Deniel, 1975; Schückel et al., 2011), aswell as L.whifﬁagonis
compared to L. boscii on the northern Spanish shelf (Rodríguez-Marín
and Olaso, 1993).
Ontogenetic changes in the distribution between juvenile and adult
ﬂatﬁsh are common phenomena (Stoner and Ottmar, 2003; Gibson et
al., 2014).
Our results revealed that in general, ﬂatﬁsh species in the northern
Spanish shelf experience a slight ontogenetic niche shift as a function
of depth and sediment size.
Regarding depth, although there is no evidence of large bathymetric
changes with size, most species in the study area showed a positive pat-
tern between size-related ontogenetic shifts and depth. This has been
described as ‘Heinke's law’ (Cushing, 1982) and has been conﬁrmed in
other ﬂatﬁsh species (e.g., Gibson, 1973; Gibson et al., 2014). Some ex-
ceptions have been found in ﬂatﬁsh in other areas; some species did not
show ontogenetic changes in distribution with depth (Walsh, 1992),
and others had a seasonal negative pattern (Powles and Kohler, 1970).
Sánchez et al. (1998) and Poulard et al. (1993) described a bathymetric
negative pattern for both species of Lepidorhombus, although it wasers of the distribution of the order Pleuronectiformes in the Northern
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size and bathymetry for L. boscii, A. laterna and M. variegatus, which
are the most abundant and widely distributed species in this study.
The bathymetric distribution of the smallest individuals could provide
data regarding the settlement-nursery areas of the species. However,
even though these small-sized individuals coincide with age 0 and 1
for some species (Lepidorhombus spp.), others may not follow this pat-
tern, so caution is necessary. Sánchez et al. (1998) described the bathy-
metric distribution of the 0 age class for both Lepidorhombus spp. in the
study area. Nevertheless, data for the settlement-nursery areas are
lacking for the other species studied, as it is for their spawning areas.
Bearing in mind the pelagic condition of the larval stage in ﬂatﬁsh,
hydrography and orography play an important role in settlement in
the study area. The northern Spanish shelf is characterized by some
coastal accidents, such as capes, that act as biogeographical boundaries
that produce a retention effect and some hydrographic anomalies
(eddies) (Sánchez and Gil, 2000). These anomalies have been linked
to production processes in the water column and sediment enrichment
on the continental shelf, aswell as to the recruitment of some species on
the Galician coast and the Cantabrian shelf (Sánchez et al., 2003;
Sánchez and Gil, 2000; Cabanas, 1999). Moreover, Sánchez et al.
(1998) and Sánchez et al. (2003) found the magnitude of annual re-
cruitmentwas themost important factor responsible for the abundance
of both Lepidorhombus spp. in the study area. If abundance was consid-
ered, a density-dependent bathymetric pattern was found for L. boscii
(Vassilopoulou, 2000) in a different study area,with larger ﬁsh radiating
from areas where the ﬁsh stockwas more abundant, and stronger com-
petitive interactionsmight exist. In addition, density-dependent growth
of L. boscii was found on the northern Spanish shelf (Landa, 1999), as
well as for other ﬂatﬁsh species (Rijnsdorp and Van Beek, 1991). Con-
sidering all of these results, abundance could also explain, in part, the
ontogenetic changes in ﬂatﬁsh depth distribution in the study area,
and in turn, it is also closely related to the hydrography and orography
of the area. Furthermore, different growth patterns between the sexes
have been noted for both Lepidorhombus species in the northern Span-
ish shelf. Females grew faster, had a higher mean length with age than
males, and reached greater ages (Landa et al., 1996; Landa et al.,
2002). Given these assumptions, bathymetric segregation by sex
would be expected for both Lepidorhombus species because the largest
individuals are mostly females. Sex-related differences in depth distri-
bution have been described for megrim in the Celtic Sea (Gerritsen et
al., 2010). It would be interesting to investigate whether this distribu-
tion pattern could also be extended to the rest of the Pleuronectiformes
spp. that inhabit the study area.
The absence of individual P. lascaris smaller than 19 cm seems to be
related to species distribution with depth because smaller individuals
seem to dwell above 50m, a depth not covered by the samplingmethod
used in this study. Such a lack of sampling of small juveniles in this spe-
cies has also been described for standardized northern surveys
(Heessen et al., 2015).
Growth and development is known to decrease vulnerability and re-
duce the predation risk. Moreover, association with the sediment is the
ﬁrst line of defence for juvenile ﬂatﬁsh, and the ability to bury them-
selves and shelter in the sediment is related to the size of the ﬁsh;
these relationships rapidly change with ﬁsh size during the ﬁrst year
of benthic life (Stoner and Ottmar, 2003). Consistent with this, most of
the species in our study tend to be associatedwithﬁner sediments as ju-
veniles and with coarser sediments as adults, although A. imperialis, L.
whifﬁagonis and L. bosciiwere opposite to this general trend. This result
could also be related to ontogenetic changes in the diet of these species,
as observed for ﬂatﬁsh in previous studies (Morte et al., 1999; Link et al.,
2005).
Feeding data for the genus Lepidorhombus in our study area showed
that both species feed primarily on crustaceans, and a small proportion
of ﬁsh as juveniles and their trophic niches change with growth. L.
whifﬁagonis is more ichthyophagous, especially when older than twoPlease cite this article as: Fernández-Zapico, O., et al., Environmental driv
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available in each substrate can affect the ontogenetic distribution of
these species.
Although a clear geographic pattern with ontogeny was not ob-
served, a slight overall trend within species that larger sizes are located
in areas further east than their smaller, younger counterparts was evi-
dent, except for an opposite trend in B. luteum and P. lascaris. This
might indicate the importance of other factors, since the species under
study do not migrate. It is worth considering that longitude is linked
to an Atlantic inﬂuence, which decreases towards the east, and also
covaries with depth and sediment size, so it could be a consequence of
numerous factors. On the other hand, this geographic trend for ontoge-
ny might be linked to more ﬁshing pressure in the western part of the
study area (González-Irusta et al., 2012), which prevents species from
reaching larger sizes in the area. Mortality due to ﬁshing affects the
abundance and distribution of all species studied because a trawler
ﬂeet operates in the study area, and especially both species of
Lepidorhombus and S. solea, which are commercially valuable species.
Since the minimum catch size is 20 cm for both Lepidorhombus spp.
and 24 cm for S. solea (Real Decreto 560/, 1995. BOE n° 84, 8/4/1995),
the medium and large size categories are the most affected. Further-
more, theﬁshingmethod that primarily impacts these species is bottom
trawling, and this ﬁshery uses a minimum mesh size of 70 mm for de-
mersal ﬁsh in the study area (Real Decreto 1441/, 1999. BOE n° 36835,
20/10/1999), so other sizes and species are also affected by ﬁshingmor-
tality as discards. Probably a higher ﬁshing effort in the Galician waters
over the Cantabrian Sea signiﬁcantly affects the eastward displacement
of the centre of gravity of the geographical position of the sizes within a
species.
In conclusion, this study showed that ﬂatﬁsh distribution in the
study areawas affected by depth, sediment particle size, geographic po-
sition, organic matter content and sorting coefﬁcient at both the inter-
speciﬁc and intraspeciﬁc levels and ontogenetic changes occur in
relation to depth and sediment size. Depth was the most important fac-
tor, and sediment size was secondary; longitude and latitude had lesser
effects, probably because of biological factors such as feeding or the
avoidance of predation and competition. This leads to the consideration
that with all of these factors being weighted, the distribution of sedi-
ments in the study area could partly explain the ontogenetic changes
in the bathymetric distribution ofﬂatﬁsh, aswell as the interspeciﬁc dis-
tribution on the basis of diet and their ability to bury themselves in the
sediment to avoid predation. Moreover, the orography and hydrogra-
phy in the area, which are linked to some oceanographic processes,
are related to other biological factors that also appear to signiﬁcantly af-
fect the distribution of the order Pleuronectiformes, such as recruit-
ment, and consequently, species abundance. In addition, a higher
ﬁshing effort in certain areas could affect the abundance and distribu-
tion of this species in the study area. Knowledge of the approximate dis-
tribution patterns of this species in the area is necessary to gain new
insight into the ecology of the order Pleuronectiformes, due to their eco-
logical importance and their potential capacity to be used as an indicator
of the bottom quality and possible anthropogenic impacts.
In terms of the habitat associations of the species analysed in this
study, it can be concluded that P. lascaris, B. luteum and S. solea are the
shallowest species, while P. lascaris prefer slightly larger sizes of sand.
The genera Arnoglossus and Lepidorhombus, as well as the species M.
variegatus, dwell on the medium and outer shelf. However, they differ
in sediment size preferences and geographic positions; A. imperialis is
associated with coarse sand, not the ﬁne sandwithwhich the others as-
sociate, and it also prefers an area further east than the other species, to-
gether with L. whifﬁagonis. B. profundicola dwells on the shelf-break and
the upper slope and prefers ﬁne sandy sediments.
These results are of interest for the expansion of the knowledge of
the ecology of this group, given the economic importance of some of
the species in the area, especially both Lepidorhombus species. Further
multidisciplinary research should determine the extent that theers of the distribution of the order Pleuronectiformes in the Northern
2.013
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subject to natural climate changes (e.g., NAO oscillations and changes
in wind regime). It would also be interesting to study the spawning
areas of these species, since such data in the study area are lacking.Acknowledgements
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